Introduction
Grasslands of high nature value in Europe are extremely threatened by recent changes in land use as a consequence of changes in the agricultural sector [1] . An active ecological approach of restoration is required, based on scientific knowledge and taking into account economic and social constraints [2, 3] . Among the grasslands requiring restoration are those of saline habitats. They belong to the most ancient lowland vegetation types of Central Europe, dating back to the middle Würm period (33,000 yr BP) [4] . The largest area of the analogous habitat type in Eurasia is known to be within the steppe zone of the Southern Ural region [5] .
Pannonian saline habitats reach their northern distribution limit in Slovakia [6, 7] . The vegetation in the periphery of its natural range is particularly threatened. For instance, about 8,300 ha of Pannonian saline vegetation existed in the south-western part of Slovakia up to the middle of the 20 th century [8] , but after reclamation and land use changes their total area has been reduced to around 500 ha and is limited to 20 scattered locations [9] .
The patrimonial value of these habitats has been recognized in Western Europe [10, 11] and also in Central Europe, where the local and regional studies [12] [13] [14] [15] [16] [17] [18] document devastation of the Pannonian saline vegetation. The specific problems of the habitat degradation and fragmentation arise from drainage, river flow regulation and eutrophication, i.e. decrease in salinity and increase in nutrients that cause expansion of weedy species and decline of halophytes. This progressive succession has a negative impact on the survival of halophytic plant communities. Effective maintenance can be achieved by supporting the opposite, retrogressive succession [19] .
Several large-scale restoration projects have been implemented on salt marshes of Europe so far, including application of grazing by different herbivores [20, 21] , de-embankment or natural periodic flooding [22, 23] and sowing of low-diversity seed mixtures and hay transfer [24, 25] . They usually lead to a successful establishment of targeted halophytic species. Excavation of the soil surface [26] may also be a feasible restoration method for saline habitats.
Top soil removal is a form of active management which favours retrogressive succession. It is primarily intended to decrease the available nutrients and weed propagules in the upper soil layers, permitting successful establishment of the target species [27] . Top soil removal stimulates seedling emergence and it may reduce competition for light [28] . A lower level of competition in the community is crucial, since halophytes have less competitive ability as compared to glycophytes [29] and the pioneer vegetation of small alkali depressions is strongly dependent on areas with bare soil and extreme salinity [30] . However, responses of different species are extremely dependent upon species-specific traits [31] .
Top soil removal has been carried out in different non-forest habitat types in Western Europe where the reduction of nutrient levels is also necessary, such as fens [32] , heathlands [33] [34] [35] and dry grasslands [36] . To date, however, studies on the effectiveness of top soil removal in saline habitats are lacking, despite the fact that it can be applied on a more local scale than other restoration methods (e.g. manipulations of hydrological regime). Such enormous intervention may affect large areas [23, 37] and cannot be easily implemented in the intensively farmed landscapes of Central Europe.
Succession of halophytic vegetation is generally fast [38] . Our experiment was focused on the development of initial stages of the vegetation in response to soil removal. We investigated whether top soil removal may create suitable micro-sites for the establishment of low competition halophytic species in relation to soil salinity. The following questions were asked: 1) How does top soil removal affect the small-scale species richness of salt steppes? 2) What is the impact of top soil removal on species composition of saline grasslands with different levels of soil-salinity (different stages of degradation)? 3) Do halophytes profit more from top soil removal than glycophytes?
Experimental Procedures

Study area
The experiment was carried out in the Kamenínske Slanisko Nature Reserve in SW Slovakia, 12 km north of the town of Štúrovo in the alluvium of the Hron river (47°52'38"N, 18°38'44"E, 109 m a.s.l.). The mean annual temperature is about 10.3°C, averaging 20°C in July and -1.5°C in January. The mean annual rainfall is 550 mm [39] , but in exceptional years, as in 2010 when extremely high rainfall was recorded in all of Central Europe, 967 mm was recorded in the closest weather station at Čata, approx. 8 km from the site (unpublished data of the Slovak Hydrometeorological Institute, Bratislava).
The reserve contains the last remnants of formerly widely distributed salt steppes and meadows of SW Slovakia which now survive on just 150.7 ha. It was recognized as the floristically richest saline habitat in Slovakia until the 1980s [40] , with different patches of halophytic vegetation such as large salt flats covered with the most salt demanding plant community Camphorosmetum annuae and alkali shortgrass steppes with Artemisio-Festucetum pseudovinae creating smaller mosaics with wet salt meadows like Scorzonero parviflorae-Juncetum gerardii. The micro-topography was typically developed, which had an effect on the diversity of the vegetation mosaic, responding to even the slightest changes in the soil parameters [12, 41] .
However, from the 1950s changing agricultural practices have strongly influenced the hydrological regime in the reserve i.e. salt accumulation caused by highly-mineralized groundwater. In addition, regular grazing was excluded from the reserve in the 1970s; in recent times, only occasional low intensity sheep grazing has taken place. As a consequence, a drastic reduction in the area of the habitat and in the floristic composition has occurred [42] [43] [44] .
Experimental design and data sampling
The present vegetation of the locality is a fragmented patchy mosaic. Consequently, it was decided to use a stratified random experimental design (random distribution within three vegetation types).
The design was strongly influenced by the limited expanse of the existing relictual halophytic communities, since the area of the target association Camphorosmetum annuae was less than 45 m 2 [43] . Therefore, we were able to place only relatively small experimental plots, because a larger plot area would have greatly increased the heterogeneity of the plots. In spite of this fact, there was no evidence of an edge effect in the plots (halophytes were distributed in all cells, not only in the central ones) and ruderal species were found not only in peripheral positions. Twelve 2x1 meter plots were established in three different vegetation types (four replicates per type) interspersed in the locality. The types corresponded on the salinity gradient with the degradation stages of the halophytic vegetation. Their names are abbreviated on the basis of the most characteristic species of the vegetation ( Soil samples were taken once (in 2009) during the experiment from each of the 12 plots from a depth of 15 cm, each with a volume of 300 g and the following properties were analyzed: soil reaction (pH/CaCl 2 ); exchangeable Na + ; amount of total salts (NaCl and Na 2 SO 4 ) and total nitrogen (N TOT ). Exchangeable Na + was evaluated in an acidified soil extract of barium chloride buffer (pH 8.1) and triethanolamine by flame atomic absorption spectrometry (AAS-F) at a wavelength of the individual cation [45] . Salt content was determined by water extraction followed by evaporation of the water extract and drying the residue at a temperature of 105°C. Soil reaction was measured potentiometrically in a saturation extract obtained from saturated soil paste according to international standards [46] . Total nitrogen was determined by a patented method of dynamic combustion in an oxygen atmosphere: the soil sample is dispensed into the combustion tube. The result of combustion is a mixture of gases, nitrogen oxides, CO 2 , H 2 O, SO 2 and the oxygen excess. The mixture of gases is passed through the reduction catalyst, which eliminates redundant oxygen and reduces the nitrogen oxides to nitrogen. This mixture is split on thin-layer chromatography column and detected using a thermal conductivity detector. The purpose of the soil sampling was to describe soil chemistry conditions in all three studied vegetation types, especially in relation to salt, exchangeable sodium and nutrient content ( Table 1) . Soil samples were not taken in subsequent years in order to minimize the effects of soil disturbance on vegetation development of the experimental plots.
Data analysis
Data on species richness, number of halophytes (obligatory halophytes according to [6] ) and percentage of halophytes from all recorded species were subjected to multi way hierarchical analysis of variance (ANOVA) using the average per plot of 10x10 cm. The following transformations were used: y´=log y (species richness), y´=log(10*y+1) (number of halophytes), and y´=arcsin √ y (ratio of the number of halophytes to species richness). Transformations were applied to remove the heterogeneity of variances and transform data into a multiplicative scale which is of higher ecological interest in our analysis. In addition, the problems with zero values in our data sets were settled, as were issues concerning percentage values close to 0 or 1 [47, 48] .
Three between-subject (whole plot) factors were tested, two with fixed effect (REMOVAL, VEGTYPE) and one random factor (PLOT). Factor REMOVAL indicates application of the experimental treatment, factor VEGTYPE describes three different types of vegetation (Artemisia santonicum-type, Festuca pseudovina-type and Arrhenatherum elatius-type) and the random factor PLOT identifies plots. This factor is nested in factor VEGTYPE. One repeated measurement (within-subject factor) TIME was tested, describing the temporal variability of our data (3 subsequent years, one recording per year). Calculations were performed using the software Statistica 5.5. Data on species composition from all experimental plots were analyzed by detrended correspondence analysis (DCA) [48] to discover the main environmental gradients determining the vegetation pattern on the experimental plots. To analyze the trajectories of vegetation development with different salt content and treatment applied, the three different types of plots were used as supplementary environmental variables. The results of the first-step DCA detected a strong unimodal structure of the vegetation data, with a gradient length of 5.413 SD.
Because the temporal development on the plots was of our highest interest and we used before-after control impact (BACI) design [49] , we examined the interaction of factors REMOVAL*TIME to test the effect of top soil removal on species composition. Factor REMOVAL was considered as a dummy variable with values 0 and 1, factor TIME was a consecutive TIME from the beginning of the experiment (values 0, 1, 2).
Three separate direct gradient analyses were performed, one for each studied vegetation type, using only the dataset from a particular vegetation type. Due to a shorter gradient (2.1 SD units), a linear response of species to treatment was expected. Therefore, redundancy analysis (RDA) was the most appropriate method for these data [48] .
The frequency data concerning the occurrence of species were standardized by norm because the relative proportion of particular species was of the highest interest in our case. Monte Carlo permutation tests (499 permutations) were performed (permutations respecting split-plot design and repeated measurements). Factor TIME was used as a covariate to filter any possible temporal trend of vegetation.
The gradient analyses were calculated using the software package CANOCO for Windows 4.5 [50] . The nomenclature of taxa follows Marhold and Hindák [51] and the names of syntaxa are by Molnár and Borhidi [52] .
Results
Changes of the species richness
Three variables and one interaction of variables (PLOT, REMOVAL, TIME and REMOVAL*TIME) were considered as significant by ANOVA. The interaction REMOVAL*TIME (P<0.001) confirms the fact that removal of top soil on the experimental plots had a highly significant impact on the studied vegetation ( Table 2 ). The average species richness decreased in all three types to approx. 75% of the previous value (Figure 1 ) in the year after the removal; after another year it began to increase everywhere.
The highest species richness (5 species per 0.01 m 2 ) was recorded in Festuca pseudovina-type, where the fastest recovery of species richness was observed two years after the removal. The values of species richness in this type were nearly the same two years after the treatment as at the beginning of the observation. The recovery of species richness in Artemisia santonicum-type and Arrhenatherum elatiustype was slower, otherwise all three types had more or less the same pattern of species richness changes after the intervention: a decrease in the year after the removal, followed by an increase (insignificant interaction REMOVAL* VEGTYPE *TIME). Table 2 . Results of multi-way ANOVA for the effects plot, removal, VEGTYPE and time. Only fixed repeated measurement factors are displayed.
Changes of the number of halophytes
The removal had no impact on total number of halophytes in our plots (insignificant interactions REMOVAL*TIME, REMOVAL*VEGTYPE *TIME) ( Table 2 ). The only significant variable is VEGTYPE (P<0.001), because there are significant differences in the presence of halophytes among all three types (Figure 1 ).
Changes in the proportion of halophytes to total species richness
Although no significant interaction was found in total number of halophytes, the situation is different when we take into account the proportion of halophytes in total species richness ( Table 2 ). Both interactions (REMOVAL*TIME and REMOVAL*VEGTYPE*TIME) were significant (P<0.001and P=0.004 respectively).
The proportion of halophytes increased in Artemisia santonicum-type and in Festuca pseudovina-type, but two years after the treatment it remained higher only in the A. santonicum-type. The least pronounced increase in halophyte proportion was observed in Arrhenatherum elatius-type (Figure 1 ).
Changes of species composition after top soil removal
Results of the indirect gradient analysis (DCA) show the main ecological gradients which determine the vegetation on the experimental plots. The main gradient Figure 1 . Changes in species composition after top soil removal in the Kamenínske Slanisko Nature Reserve. Species richness, number of halophytes and proportion of halophytes to total species richness were calculated by ANOVA, data transformed (species richness y´=log y, number of halophytes y´=log (10*y+1) and ratio of the number of halophytes to species richness y´=arcsin √ y). (Figure 2 ). The three types follow this main gradient with Artemisia santonicum-type on the left position, Festuca pseudovina-type in the middle and Arrhenatherum elatius-type on the right (Figure 3) . The y-axis represents the moisture gradient with some hygrophilous taxa on the top (Juncus compressus, Inula britannica) and with taxa of dry grasslands in the bottom part of the graph (e.g. Jacea pannonica, Festuca rupicola). Artemisia santonicum and F. pseudovina-plots with removed top soil moved towards a higher salinity level (Figure 3) . In F. pseudovina plots this trend is observed only in the first year; subsequently, the development trajectory of these stands reverts to lower salinity. Plots of A. elatius show the opposite tendency, moving towards a higher occurrence of ruderal species in the first year after the removal, but in the following year a slight shift back to the left can be observed. Undisturbed plots in all three types show a small movement towards less optimal stages of the salinity level (Figure 3) .
The fact that top soil removal had a significant impact (P=0.002) on the vegetation of A. santonicum and F. pseudovina-types was also confirmed by the three partial RDA biplots. Interaction REMOVAL*TIME explained a rather high percentage of total variance in these two vegetation types (26.8% for A. santonicum and 25% for F. pseudovina-type). Less significant (P=0.06) changes were observed in A. elatius-type where the interaction explained only a small portion of the variability in our data (8.6%).
The RDA diagrams of A. santonicum and F. pseudovina plots (Figures 4a, b) demonstrate an increasing abundance of perennial halophilous species (Plantago maritima and Limonium gmelinii) during the experiment. Annual target halophyte C. annua appeared after the first year of the soil removal only on the plots of A. santonicum-type, where it was growing before the treatment and it was establishing and persisting gradually in the following years. Top soil removal is a strong disturbance, as the whole vegetation cover is removed and a new succession series is opened. Therefore, subsequent significant decline of species richness a year after removal in all three studied vegetation types is not surprising. Two years after the removal, species richness development starts to differentiate among the three vegetation types. The only type in which the previous species richness is nearly recovered two years after removal is the Festuca pseudovina-type; the two other types continue to display quite low species richness after this time. This development is probably caused by very strong environmental filters which determine vegetation changes after the removal. High salt content is probably such a filter in the Artemisia santonicum-type. Halophytes are the only species able to tolerate such extreme conditions and have a competitive advantage compared to glycophytes [29] . This can explain the low species richness as only halophytes managed to establish.
Although the total number of halophytes was not changed, the proportion of halophytes to overall species richness changed significantly after the treatment. Soil removal brought about different effects in each vegetation type. Pronounced increase of halophyte proportion was recorded in A. santonicum-type because most of the glycophytes present in the vegetation were not able to recover after soil removal. No increase was found in F. pseudovinatype. The reason might be the insufficient salt content for halophytes which favors glycophytes and salt-tolerant generalists. Changes of species composition along the salinity gradient were of the highest interest in the experiment. The results of indirect and direct gradient analyses (DCA, RDA) confirmed the important role of soil salinity.
Soil removal had a positive effect (delaying secondary succession) only on the optimal stage of the saline vegetation, the A. santonicum-type. In moderately degraded F. pseudovina-type, it has only a short-term positive effect without the persistence of halophytes, due to increased competition of glycophytes. On degraded vegetation (Arrhenatherum elatius-type) the soil removal even stimulated further recruitment of ruderal species without the establishment of halophytes.
Different responses of halophytes to top soil removal
The effect of soil removal was not equal for all halophytic species present in the experiment. Camphorosma annua, the indicator of the highly sodic saline habitats of the ponto-pannonian floristic area [53] established only on the removed plots of Artemisia santonicum vegetation type. The reason of the slow recovery process can be the short-term viability of its seeds, not present in the seed bank, but further research is needed because no exact data are known. Our hypothesis is supported by the fact that seed longevity of the related species C. lesingii is only 8-10 months [54] and seed germinantion of therophytes can be markedly reduced by high soil salinities [55] . Perennial halophytes like P. maritima and L. gmelinii had a positive response to top soil removal in the plots with higher salinity (A. santonicum and F. pseudovinatype), due to reduced competition caused by soil removal. They are deep-rooting species [56] which are able to grow even on degraded, formerly saline soils. In addition, those species are rhizomatous, and their underground parts might have remained in place after the treatment. P. maritima may regenerate from the shoots quite quickly and thus colonize bare soil [57] . On the other hand, it is a weak competitor, typical of early succession stages [58, 59] .
Temporal changes of the vegetation influenced by the precipitation
Strong trend of movement towards the wetter edge of the y-axis gradient was detected by DCA in our study. It may be related to the extreme precipitation, which occurred in the year 2010 (highest annual rainfall ever recorded in this region). The most degraded A. elatius plots have the lowest relative position in microrelief (removal was the deepest here) and therefore rainwater fills them easily. This may result in seedlings of ruderal species having high mortality rates because they are not able to grow when flooded by water. On the other hand, extreme precipitation may also impact halophytic vegetation. Saline grasslands are dependent on groundwater with a high salt content but the amount of rain water also plays an important role [26, 60] . The leaching of salts from the top soil is most common in the rainy seasons [61] , during local flooding of depressions after short-term heavy rainfall. Soil moisture is also a very important ecological factor influencing halophytic vegetation [62] . If the groundwater table is far below the top soil, then rainfall is the only relevant water source; but being rather neutral, it does not contain the soluble minerals which cause salt accumulation.
Recommendations for restoration and conclusions
The salinity gradient is crucial for the differentiation of halophytic vegetation in the Pannonian [41, 52] and in other Central European saline habitats [13] . It plays a limiting role for the successful application of top soil removal as a restoration measure for saline habitats on large scale. If the abiotic conditions have changed to the extent that soil removal itself is not able to restore the natural movement of salinization, it may be combined with hydrological restoration [63] . However, in highly fragmented vegetation, as our study site, rehabilitating substrates by hydrological restoration is not feasible. Soil removal itself is not the ultimate condition for successful restoration on habitats with reduced salt accumulation. It should be used in combination with other methods. In order to reduce the pressure of glycophytes, and to induce disturbances promoting a regeneration niche [64] for the establishment of halophytic species, grazing might be the most appropriate management on the degraded inland salt steppes [65] as large herbivores are effective propagule dispersers of target species, even on the desalinized soils or isolated systems [20, 66] . Moreover, the intensive trampling results in soil compaction and prevents salt leaching [21] . We consider implementation of grazing as a mitigation measure on the fragmented and eutrophicated habitats to be an urgent priority.
